Background: There is currently no instrument to stratify patients presenting with ischemic stroke
The risk of recurrent stroke is highest during the first 90 days after an index stroke; longitudinal studies indicate that approximately 1 out of every 2 recurrences occurring in the first year occurs within the first 90 days. [1] [2] [3] [4] [5] Prevention of such events is critical because early recurrence is associated with severe consequences including longer duration of hospitalization and increased neurologic disability and death. 6, 7 Several recent studies consistently indicate that early initiation of available treatments after TIA or minor stroke is imperative to avoid missed opportunities to prevent a recurrent stroke. [8] [9] [10] Nevertheless, prioritization occurs in clinical practice because diagnosis and treatment of stroke is often constrained by queues, limited resources, or even by patient reluctance. 11 Because the majority of patients will not have a subsequent ischemic event after stroke, a tool that could identify patients at high risk of early recurrent stroke, in whom urgent evaluation and intervention is most justified, would be of tremendous benefit. There is currently no robust prognostic tool for predicting the short-term risk of recurrent stroke. Available prognostic models such as the Stroke Prognosis Instrument II 12 and The Essen Stroke Risk Score 13 are designed to predict the long-term risk and have not been validated for short-term risk prediction. Our goal was to develop a predictive score based on information typically available to the physician at the time of hospital admission to estimate the 90-day risk of recurrent stroke.
METHODS Patient population. The primary derivation
cohort was retrospectively identified from consecutive patients with ischemic stroke who were admitted within 72 hours of stroke onset between 2003 and 2006 to a single center. We collected data on previously published clinical [1] [2] [3] [4] [5] [6] [7] [14] [15] [16] [17] [18] and imaging features 7, [19] [20] [21] [22] [23] of index stroke associated with increased risk of re- Abbreviations: CCS ϭ Causative Classification of Stroke System; CI ϭ confidence interval; HR ϭ hazard ratio; IQR ϭ interquartile range.
current events through medical record search (table 1) . MRI analysis was performed by visual assessment of images obtained at the time of index stroke blinded to the patient's recurrence status. Table 2 presents the definitions used for each imaging feature. The image acquisition parameters were summarized in detail elsewhere. 24 For each imaging feature, we calculated interexaminer reliability based on assessment of 200 consecutive patients by 2 examiners blinded to each other's assignments.
Two investigators retrospectively acquired 90-day follow-up information through review of data collected within the context of a prospective study that assessed clinical outcome by phone interview 25 and inspection of medical records and the social security death index. A separate neurologist adjudicated recurrent events by evaluating all pertinent brain images without the knowledge of clinical and diffusion-weighted imaging (DWI) characteristics of the index stroke.
All patients underwent an assessment of medical history, physical examination, brain CT/CT angiography or MRI/magnetic resonance angiography, EKG, CBC, and blood chemistry. The stroke etiology was classified according to the Causative Classification of Stroke System 18 using information available after initial line of tests listed above.
Standard protocol approvals, registrations, and patient consents. The study protocol received approval by the local institutional review board.
Generation of the predictive model and statistics. The study end point was time to last known to be free of recurrent stroke or nonstroke death. We considered that the end point was reached after the first event in patients who had multiple recurrent events within 90 days. We defined recurrent stroke as a clinical incident that is clearly attributable to a new area of brain infarction visualized by imaging as spatially distinct from the index lesion.
We used univariate Cox regression to identify baseline differences in clinical and imaging variables between patients with or without recurrent stroke. We determined the risk of subsequent stroke in relation to each variable by multivariable Cox regression analysis. The regression model included time to recurrent stroke as response and imaging and clinical predictors of recurrence with a univariate p value Ͻ0.05 as independent variables. We first generated a clinical-based model (model A) based on pertinent clinical data in the univariate analyses (table 3) . We then constructed a second model that included important clinical and imaging information available to the physician at the time of hospital admission. This was called clinical-and imaging-based model or model B (table 3) .
All covariates except for etiologic stroke subtype were introduced into the regression model as dichotomous variables. The latter was introduced as dummy variables using small artery occlusion as the reference category (table 3). We evaluated each independent variable for adherence to the assumption of proportional hazards and examined the data for collinearity. We assigned scores for each predictor variable generated by rounding the corresponding ␤-coefficient from the regression model to the nearest integer. We calculated an overall risk score by summing up scores for each independent predictor for a given patient. We quantified the predictive validity of the model by computing the receiver operating characteristic (ROC) curves in patients with 90-day follow-up, 26 and compared the area under the ROC curve (AUC) for different models using the Z-test. 26, 27 We evaluated the calibration of our models as a measure of agreement between observed risk (estimated risk from the Kaplan-Meier curve) and predicted risks stratified according to risk scores using Hosmer-Lemeshow 2 statistic.
Validation of the predictive model. We used crossvalidation to provide an unbiased internal assessment of the model's accuracy. For this, the whole dataset was randomly partitioned into 2 halves 1,000 times, each time testing one half of the population using integer scores obtained from the coefficients trained by the other half. 28 We further validated the model in a separate cohort of consecutive stroke patients admitted to the same institution between 2000 and 2003. We applied the scores generated from the derivation cohort to the validation cohort, computed an ROC curve, and compared its AUC to the original model for significance.
RESULTS Study population.
The derivation cohort for model A comprised 1,458 consecutive patients. MRI was not available in 201 of the 1,458 patients because of contraindications 135 or because the treating physician did not consider it clinically necessary. 66 The imaging-based model (model B) was, therefore, generated in 1,257 patients. Baseline demographics and clinical characteristics of the derivation cohort are summarized in table 1.
Follow-up events and the prognostic model. Follow-up information was acquired through phone call assessment in 392 and inspection of hospital visit notes in 1,066 patients. Complete 90-day follow-up was available in 806 patients. The remaining either died (213 patients) or had data on follow-up assessment Table 2 Definitions for imaging features associated with stroke recurrence at 90 days a
Imaging feature Definition
Multiple acute infarcts 20, 21 Multiple noncontiguous lesions that were hyperintense on DWI and hypointense on ADC maps
Simultaneous involvement of different circulations 20
Multiple acute ischemic lesions secondary to acute or subacute infarcts in both right and left anterior circulations or in both anterior and posterior circulations
Multiple infarcts of different ages 19,23
Ischemic lesions with hyperintense signal on DWI that met at least 2 of the following 3 combinations of signal changes on ADC and FLAIR images:
Hypointense on ADC, isointense on FLAIR (hyperacute)
Hypointense on ADC, hyperintense on FLAIR (early acute)
Isointense on ADC, hyperintense on FLAIR (late acute or subacute)
Infarct topography 7,16,21
Isolated cortical, isolated deep (lacunar), and subcortical with or without cortical involvement Chronic infarcts 22 Clinically silent or symptomatic territorial lesions that were hyperintense on FLAIR and hypo-or isointense on DWI
Internal watershed infarcts 21
Rosary-like pattern of infarcts that were arranged in a linear fashion parallel to the lateral ventricle and located in the centrum semiovale or corona radiata
Abbreviations: ADC ϭ apparent diffusion coefficient; DWI ϭ diffusion-weighted imaging; FLAIR ϭ fluid-attenuated inversion recovery. a The value (95% confidence interval) for interexaminer reliability using the definitions for independent imaging features provided in this between discharge and 90 days (439 patients). None of the 213 patients who died had recurrent stroke during the follow-up period. In the group with incomplete follow-up, time to follow-up assessment ranged between 3 and 87 days (mean: 14 Ϯ 18 days). Overall, 75% of patient-days in the study were taken into account in the Cox regression model. There was no difference between patients with and without complete follow-up with respect to RRE-90 scores and predictors of early stroke recurrence in table 1 except for isolated cortical infarcts, which were more common in those with complete follow-up (table e-1 on the Neurology ® Web site at www.neurology.org). A total of 60 patients developed recurrent ischemic stroke; 4 did not have MRI within the first 72 hours and 2 had recurrent stroke before brain MRI was performed. Analyses that included imaging data were therefore based on 54 recurrence events. The median time from symptom onset to MRI was 11.8 hours (IQR, 5.8 -27.1 hours). Thirty patients developed recurrent stroke within the first 14 days. The risk of recurrence adjusted for time to follow-up was 2.6% (95% confidence interval [CI], 1.6%-3.5%) at 14 days and 6.0% (95% CI, 4.5%-7.5%) at 90 days. All univariate clinical and imaging predictors retained significant effect on 90-day risk of recurrent stroke in Cox regression model (table  3) . A forward selection model including all baseline variables listed in table 1 identified the same predictors with the Cox regression model.
Both model A and model B fulfilled the proportional hazards assumption and were significant at a p value of Ͻ0.001 (log likelihood test). The total predictor degrees of freedom was 5 for 60 outcome events in model A, and 6 for 54 outcome events in model B. The ␤-coefficients and corresponding integer scores for each independent predictor are presented in table 3. Table 4 shows total point scores and corresponding adjusted risks for models A and B (an automated calculator is available at http://www.nmr.mgh.harvard.edu/RRE-90/). The risk of recurrent stroke at 90 days rose with increasing number of independent predictors in each model ( p Ͻ 0.001, log-rank test). The calibration 2 statistics revealed a p value for lack of fit of 0.933 for model A and 0.092 for model B, indicating adequate calibration. In the derivation cohort, 8.2% of patients with a score Ͻ3 by model A had a score Ն3 according to model B whereas 57% of patients with score Ն3 per model A had a score Ͻ3 by model B. The validation dataset comprised 433 consecutive patients and was similar to the derivation cohort except that more patients received anticoagulation in A time epoch analysis showed that the performance of model B did not significantly change with respect to time from onset to MRI; the AUC was 0.78 (95% CI, 0.71-0.86) for 24 hours and 0.79 (95% CI, 0.72-0.86) for 48 hours. There were 39 patients with a recurrent event within 14 days of the index stroke in both derivation and validation cohorts. The AUC for predicting 14-day risk was 0.80 (95% CI, 0.72-0.87). There were 271 minor (NIH Stroke Scale Ͻ4) and 457 major (NIH Stroke Scale Ն4) stroke patients in the derivation dataset. The AUC was 0.83 (95% CI, 0.74 -0.93) in minor and 0.78 (95% CI, 0.69 -0.86) in major strokes. The AUC for short-term recurrence risk in our dataset was 0.56 (95% CI, 0.49 -0.64) for Stroke Prognosis Instrument II and 0.59 (95% CI, 0.53-0.66) for Essen Stroke Risk Score. DISCUSSION The current results provide evidence in 5 important domains. First, our findings confirm the published evidence that conventional risk factors for long-term recurrence such as hypertension, diabetes mellitus, and smoking do not confer a risk for stroke over the short term (90 days). [1] [2] [3] [4] [5] [6] [7] 14 Scores based on predictors of the long-term risk such as the Stroke Prognosis Instrument II and the Essen Stroke Risk Score, therefore, offer only limited predictive value in the short term. Second, as also reported previously, etiologic stroke subtype 6, 7, 16, 17, 29 and prior history of recent TIA/stroke 17 are significant clinical predictors of 90-day recurrence risk after ischemic stroke. Nevertheless, the accuracy of predictions based on these predictors alone is modest (AUC ϭ 0.70). Third, predictions by clinical variables can be significantly improved when imaging information is taken into account. The resultant score is called recurrence risk estimator at 90 days, or RRE-90. RRE-90 demonstrates good discrimination (AUC ϭ 0.80) and calibration for predicting 90-day risk of recurrent stroke. Fourth, approximately 50% of recurrent strokes occurring in the first 90 days happen within the first 14 days. The RRE-90 provides good discrimination for predicting 14-day risk of recurrence (AUC ϭ 0.80). Finally, the diagnostic performance of the RRE-90 is maintained after cross-validation and when applied to an independent cohort (AUC ϭ 0.76), suggesting that it has promise when advanced to multicenter validation phase.
Various prior studies have also explored the relationship between imaging characteristics and stroke recurrence. However, while doing this, a significant proportion of such studies either failed to provide any imaging confirmation of recurrent stroke or used much less sensitive imaging methods such as computerized tomography. 1, 2, 16, 30 The remaining have chosen not to evaluate multiple imaging features in simultaneous context with each other 1, 16, 17 or assessed a small number of outcome events for the number of independent variables in multivariable analyses. 16, 17 The current study undertakes a simultaneous assessment of all recognized imaging and clinical features associated with early recurrence. A major strength of the present study is the use of MRI for confirming the adjudication of recurrent stroke. Conventional definitions based on clinical diagnosis of a temporally distinct event often fail to differentiate a recurrent stroke from an event that is caused by progression or local complications (edema, seizures) of index stroke, 31 hampering the specificity of diagnoses. Brain imaging allows objective assessment of clinical events as to whether a new event is in fact caused by recurrent infarct, and is routinely used for this in clinical practice. The choice of imaging in the current study was MRI because MRI, in particular DWI, is markedly superior to other imaging techniques in the evaluation of small ischemic lesions as well as in differentiating acute infarcts from chronic lesions. 32, 33 Although recent evidence suggests that routine use of MRI in acute stroke is justified, 33 MRI suffers from limited accessibility and applicability. In order to ensure utility in circumstances in which MRI is not readily accessible, the RRE-90 automatically allows risk predictions using only the available clinical data (model A) yet predictions based on clinical data alone are less optimal than those from clinical and imaging-based model (model B).
Although etiologic stroke subtype is a significant predictor for short-term recurrence risk, 6, 7, 16 this knowledge has thus far not been incorporated explicitly into predictive models. One reason for this is that identification of etiologic stroke subtype requires a comprehensive stroke evaluation and depends on the depth and speed of etiologic stroke investigation, which varies considerably across individual practices. 34, 35 It is therefore possible that a recurrent stroke may occur before an accurate subtyping is done. The major premise of the current tool is its ability to allow risk stratification with information available to physician immediately after initial stroke evaluation. Baseline imaging features of infarcts provide the prognostic information that relates to the underlying stroke mechanism. For instance, simultaneous infarcts in multiple circulations often indicate an unstable embolic source that is more proximal than carotid arteries. Infarct topography differentiates isolated cortical infarcts caused by small emboli from an unstable source from isolated subcortical or deep lesions caused by local small artery disease. Multiple acute infarcts often specify factors that simultaneously affect more than one artery such as proximal embolism and vasculitides. Other components of the RRE-90 such as recent history of TIA/ stroke and multiple infarcts of different ages provide valuable temporal information that there is a continued risk of recurrent events. Because etiologic subtypes represent a combination of heterogeneous conditions with substantial variation in baseline individual risk, the continuity information plays a key role in discriminating whether or not the underlying stroke mechanism is unstable. 36, 37 Strengths of the present study include large sample size, imaging-based objective definition of outcome events, blind assessment of covariates to the outcome events, and Web-based availability of the final predictive model. Limitations include retrospective design, lack of external validation, incomplete follow-up, and single hospital setting where referral bias can potentially occur. Despite a rigorous derivation process, there were patients with missing follow-up information. This, however, unlikely caused a systematic bias toward selection of a particular risk population because most baseline predictors and distribution of RRE-90 scores were similar in cohorts with or without complete follow-up. Nevertheless, external validation is critical for the generalizability of our results. The number of recurrent events per predictor variable in model B was smaller than recommended, 38 suggesting that overfitting might have occurred. Likewise, we cannot exclude the possibility of overfitting during the cross-validation procedure because coefficients were generated using only half of the dataset. Small number of recurrent events might have also caused missing of important differences in model performance in the validation dataset. Because the RRE-90 tool was constructed using only baseline clinical and imaging data, it does not take into account the intensity and choice of preventive stroke treatment. Differences in predictive performance of the algorithm may occur in external settings where timing and type of preventive stroke treatments substantially differ. The use of stringent univariate p value threshold for eligibility into multivariable models limited our ability to test all potential predictors. Future studies with larger datasets could address whether incorporation of additional risk factors further improve predictions. Finally, the use of a liberal time window to obtain MRI (72 hours) as opposed to earlier time points may have caused more frequent detection of multiple acute infarcts on baseline MRI as a result of accumulation of ischemic lesions over time. Nevertheless, the time epoch analysis that revealed that the diagnostic performance of the model did not significantly change with respect to time from symptom onset to MRI strongly argues against this.
Risk stratification tools like RRE-90 offer utility in improving stroke care and outcome, because such tools have the potential to boost the development of stroke management algorithms that are based on individual patient characteristics. For instance, admission to specialized stroke centers with necessary infrastructure for prompt etiologic investigation and preventive treatment such as early carotid endarterectomy may offer greater benefit in high-risk patients whereas elective evaluation and management may be justified in low-risk patients in settings where resources are limited. Care at specialized centers can also provide an added benefit from the opportunity to administer treatment timely in the event of a recurrent stroke in high-risk patients. Stratification systems like RRE-90 could also serve as a tool for use in clinical trials testing new preventive strategies. Although 90-day recurrence is not a typical outcome measure in stroke prevention trials, there are several preventive treatments applied at the acute setting (anticoagulation, combination antiplatelets, endovascular procedures) with modest benefit but significant risk or cost that necessitate assessment in the short term for a more targeted approach. The RRE-90 tool can provide an excellent opportunity for this if validated externally. Prospective demonstration that the use of RRE-90 improves current practice and research in acute stroke remains to be determined. (Thieme, 2000) ; has received honoraria from Siemens Medical Solutions, Novartis, GE Healthcare, and for speaking and educational activities not funded by industry; has served as a consultant to Mitsubishi Tanabe Pharma Corporation, AstraZeneca, and Genentech, Inc.; receives research support from Millennium Pharmaceuticals, Inc., Siemens Medical Solutions, AstraZeneca, Genentech Inc., Novartis, Merck Serono, Schering Plough Corp, the NIH [NINDS NS38477 (PI), NCI CA137254 (PI), NINDS NS063925 (PI), and NINDS NS061119 (PI)]; and holds stock and stock options in Epix Pharmaceuticals.
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